Summary We tested whether two genetic variants were associated with BMD at multiple clinically relevant skeletal sites in Caucasians. We found that variant rs7776725 is consistently associated with hip, spine, wrist and whole-body BMD, which highlights the potential importance of this variant or linked variants for osteoporosis. Introduction A recent genome-wide association study identified two single nucleotide polymorphisms (SNPs), rs7776725 and rs1721400, that were associated with bone mineral density (BMD) variation at the radius, tibia and calcaneus in a Korean population. In this study, we aimed to test whether the association of these two genetic variants can be replicated in Caucasians and whether their association with BMD can be extended to other clinically relevant skeletal sites.
Introduction
Osteoporosis is a public health problem characterized by low bone mass as well as the deterioration of the bone structure with a consequent increased susceptibility to fractures. Osteoporosis-related fractures most likely occur at the hip, spine or wrist [1] . Osteoporosis is highly influenced by genetic factors. Bone mineral density (BMD), which is the widely used proxy measure of osteoporosis and the most important predictor for osteoporotic fractures, has a heritability of 60-90% [2] .
Genome-wide association studies (GWASs) can systematically survey the whole genome for causal genetic variants underlying complex traits/diseases and are powerful tools for unlocking the genetic basis of osteoporosis [3] [4] [5] . Recently, a large-scale two-stage GWAS conducted in a Korea population identified two single nucleotide polymorphisms (SNPs), rs7776725 and rs1721400, that influence BMD at multiple skeletal sites [6] . In that study, rs7776725 which was located on chromosome 7q31 was identified to be associated with BMD at the radius (p01.0×10 −11 ) and tibia (p01.6×10 −6 ) in the discovery cohort of 8,842 Koreans, and associated with BMD at the calcaneus (p01.9×10 −10 ) in the replication cohort of 7,861 Koreans. The rs1721400, located on chromosome 7p14, also showed consistent associations at the tibia (p01.4× 10
), radius (p02.2×10 ) and calcaneus (p06.0×10 −4 ) [6] . So far no replication study has been performed on the association of these two SNPs with BMD in independent Asian populations or in other ethnic groups. The validity and generality of the genetic effects of these two variants on BMD need to be evaluated.
Here, we performed a replication study to investigate the genetic effects of rs7776725 and rs1721400 on BMD in two cohorts of US Caucasians of European origin. BMD at whole body and three clinically important skeletal sites for osteoporotic fractures (hip, spine and wrist) were studied.
Methods

Study populations
This study was approved by the involved Institutional Review Board. All participants provided signed informed consents. The inclusion and exclusion criteria were the same as those detailed elsewhere [7] . Two populations of unrelated US Caucasians of European origin were involved in this study. The first population, denoted as KC-population in the following text, included 2,286 US Caucasians living in Kansas City and its surrounding areas. After exclusion of people with missing data on covariates and/or extreme phenotypic outliers, 2,279 people were included in the analysis. Area BMD (gram per square centimeter) at the lumbar spine (L2-L4), hip (femoral neck, Ward's triangle, trochanter and intertrochanter), wrist (ultra-distal radius, UD) and whole body (WB) were measured with Hologic Discovery™ dual-energy X-ray absorptiometry (DXA) scanner (Hologic Inc., Bedford, MA, USA). The 2,279 subjects included 555 men (age range at recruitment: 19.0-89.7 years) and 1724 women (age range at recruitment: 18.4-91.5 years).
The second population, denoted as OM-population in the following text, included 1,000 US Caucasians living in Omaha, Nebraska, and its surrounding areas. DXA scans of the hip, spine and wrist UD BMD of this population were performed with Hologic QDR 4500 W (Hologic Inc., Bedford, MA, USA). These 1,000 subjects included 499 men (age range at recruitment: 19.1-87.2 years) and 501 women (age range at recruitment: 19.2-80.6 years). The detailed characteristics of these two cohorts are listed in Table 1 .
Genotyping and SNP calling
Genomic DNA was extracted from peripheral blood leukocytes using standard protocols. For the KC-population, SNP genotyping was performed using Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA), which includes 906,600 SNPs and 940,000 copy number probes. Briefly, approximately 250 ng of genomic DNA was digested with restriction enzyme NspI and StyI, respectively. Digested DNA was adaptor-ligated and PCR-amplified for each sample. Fragment PCR products were then labeled with biotin, denatured and hybridized to the arrays. Arrays were then washed and stained using phycoerythrin on 14 SNPs analyzed in the present study, the per-SNP call rates are>99%. The rs7776725 and other 12 SNPs in vicinity to it were located in or near FAM3C locus on chromosome 7q31. The rs1721400 was mapped close to SFRP4 locus on chromosome 7p14. The subjects in OM-population were genotyped with the Affymetrix GeneChip human mapping 500 K array set. The genotyping was performed at the Vanderbilt Microarray Shared Resource at Vanderbilt University Medical Center using the standard protocol recommended by the manufacturer (Affymetrix, Inc., USA). The detailed genotyping and quality control procedure were published elsewhere [7] . The per-SNP call rates of SNPs studied here are >99%.
Statistical analyses
The BMD measurements were normally distributed (WB BMD in the KC-population and UD BMD in the OMpopulation) or approximately normally distributed. Markertrait and multi-marker haplotype association analyses were performed using the quantitative trait association function in PLINK (v1.05, http://pngu.mgh.harvard.edu/purcell/plink/) [8] with untransformed BMD data. Before association analysis, age, age 2 , sex, age/age 2 -by-sex interaction, height and weight were tested for their associations with BMD, and only the significant (p≤0.05) terms were included as covariates to adjust the raw BMD values in subsequent analyses. Quantitative trait gene by environment interaction (G × E) analysis implemented in PLINK was performed to test whether the genetic effects of rs7776725 is different by genders. In the genetic-gender interaction analysis, only age, age 2 , height and weight were used as covariates.
Hardy-Weinberg equilibrium (HWE) test and pairwise linkage disequilibrium (LD) analyses of the SNPs as well as the LD plotting of interested genome region were conducted using the program Haploview (http://www.broad.mit.edu/mpg/haplo view) [9] . All analyzed SNPs followed HWE (P>0.01).
Conservative Bonferroni corrections were applied to minimize false-positive results caused by multiple testing of SNPs. Since there was prior evidence of association for rs7776725 and rs1721400 with BMD, a p value cutoff of 0.025 (0.05/2, as two SNPs were studied) was used in this study for claiming replication of association. In the association analysis of other SNPs near rs7776725, a threshold of significance was set at a p value of <4.17×10 −3 (0.05/12, as 12 SNPs were studied).
Sample-size-based weighted Z-score method was used to combine the association p values across two populations. The overall Z-scores were generated using the formula:
where Z i and N i are the Z-score and sample size of each study to be combined, respectively. Based on the overall Z-score, a combined association p value was obtained [10] . The imputation of un-genotyped SNPs in the OM-population was carried out by using the program MACH [11, 12] (http:// www.sph.umich.edu/csg/abecasis/MACH/) on the basis of the reference sample of European ancestry derived from the 1000 Genomes Project (release of August, 2010). Associations between the phenotype and imputed SNPs were examined by MACH2QTL, in which allele dosage was used as the predictor for the phenotype in a linear regression model.
Results
Association of rs7776725 with BMD
In the KC-population, the association of rs7776725 with wrist UD BMD could be replicated, and association of rs7776725 with BMD at all other studied skeletal sites was also found. As shown in Table 2 , in this population the p values of association analysis between rs7776725 and BMD at the hip, spine, UD and WB were 1.54×10 , respectively. It is worth noting that the extremely low p value between rs7776725 and UD BMD was comparable to that reported previously in the Korean population (p01.0× 10 −11 for radius BMD) [6] . And the direction of the allelic effects is the same, with the minor allele C of rs7776725 associated with an increased BMD. As summarized in Fig. 1 , subjects with the CC or CT genotypes had significant higher BMD than those with the TT genotype. The mean dose effects per copy of the C allele on the hip, spine, UD and WB BMD were 0.016, 0.017, 0.015 and 0.018 g/cm 2 , respectively. In the OM-population, the association of rs7776725 with BMD was only significant at the wrist (p05.83×10
−3
). We could not find association between rs7776725 with hip and spine BMD in this population. Meta-analysis of the KCpopulation and OM-population achieved statistically significant associations for rs7776725 with hip, spine and UD BMD ( Table 2) .
Association of rs1721400 with BMD
Association results of rs1721400 with BMDs in the two populations are presented in Table 2 . Small but statistically non-significant p values were achieved for rs1721400 with UD BMD in each of the two populations, with p00.085 in the KC-population and p00.084 in the OM-population. However, the combined p value of rs1721400 with UD BMD in the meta-analysis of these two populations is borderline significant (p00.017). The minor allele T of rs1721400 was a risk factor for low UD BMD. No significant association of rs1721400 with hip, spine or WB BMD was detected in KC-population. No significant association of rs1721400 with hip or spine BMD was detected in OM-population as well as the meta-analysis of these two populations. The two studied cohorts lack the information of BMD at the tibia and calcaneus which were studied by Chao et al. [6] .
Gene-gender interaction analyses BMD has gender-specific effects. Previous studies have suggested that some genes regulating BMD might act in a gender-specific manner [13, 14] . To test if rs7776725 and rs1721400 have differential effects on BMD between two sexes, we further performed the gene-gender interaction analysis. No statistically significant gene-gender interactions were found in the two cohorts (data not shown).
Association study of other SNPs in vicinity to rs7776725
The rs7776725 was located in the first intron of the FAM3C gene. We further examined the genotyped variants within/ around the FAM3C gene in KC-population. Twelve SNPs dispersedly located from 1787 bp downstream to the first intron of FAM3C gene were tested for their association with hip, spine, UD and WB BMD in the KC population. All these 12 SNPs followed HWE (p>0.01) with MAF (Minor Allele Frequency) >5%. The basic information of these SNPs (together with rs7776725) and the LD coefficients D′ and r 2 with rs7776725 are tabulated in Table 3 .
The association results of these 12 SNPs and rs7776725 are presented in Fig. 2 . Four SNPs (rs4727922, rs1803389, rs718766 and rs7793554) showed significant association with BMD at one or more skeletal sites after multiple testing correction (threshold p04.17×10 En dash means that item was not studied for no available WB BMD data low BMD. The minor alleles of rs718766 and rs7793554 are associated with increased BMD. The associations of rs4727922 and rs1803389 with wrist BMD were not replicated in the OM-population, with p values of 0.161 and 0.167, respectively. However, in the meta-analysis of these two populations, rs4727922 and rs1803389 were significantly associated with wrist BMD (p02.86×10 −4 and 3.94×10 −4 respectively). The genotyping data for rs718766 and rs7793554 were not available in the OM-population. With the 1000 Genomes Project data as reference, we imputed these two un-genotyped SNPs in the OM-population. Association analyses of the imputed data provided further supports for the role of rs718766 and rs7793554 in BMD determination (p02.19×10 −3 for rs718766 and 0.071 for rs7793554 with wrist BMD).
Haplotype association of FAM3C locus with BMD
Haplotype association analyses were performed in KCpopulation to test if any haplotypes in FAM3C locus could show stronger association with BMD than individual SNPs. Five haplotype windows of interest (WIN1-WIN5, as shown in Table 4 )were specified mainly based on the LD relationship between SNPs. WIN1 contained all 13 FAM3C SNPs studied in KC-population. These 13 SNPs lie in a single LD block defined by the "Four gamete" or "solid spine of LD" algorithm implemented in the Haploview software. WIN2, extending from rs4727922 to rs12706341, covered nine SNPs that were highly linked to each other (average r 2 00.94) but only showed very low r 2 with rs7776725 (r 2 <0.1). WIN3 included other four SNPs that were not covered by WIN2. WIN4 was a subhaplotype of WIN3 with SNP rs7792993 (r 2 < 0.1 with rs7776725) excluded and thus consisted of three strongly linked SNPs (rs718766, rs7776725 and rs7793554). WIN5 only included two SNPs (rs718766 and rs7776725) that were in almost complete LD (r 2 ≈1). Only common haplotypes (frequency >5%) were included in the association test. The association results of FAM3C haplotypes with BMD are shown in Table 4 . The haplotype-BMD association results seemed to be driven mainly by the sub-haplotype composed of SNPs rs718766 and rs7776725. In this two-SNP haplotype window (WIN5), the haplotype C-C is associated with increased BMD (p01.77×10 ), and this haplotype was not associated with BMD at other sites. In general, regarding the association p value or regression coefficient, haplotype analysis only gave results of similar magnitude to those obtained from SNP association analysis. 
Discussion
In this study, we examined the associations of two common variants on chromosome 7 (rs7776725 and rs1721400) with hip, spine, wrist and whole-body BMD in Caucasian populations. These two SNPs were initially identified to be associated with BMD at radius, tibia and heel in Koreans.
To the best of our knowledge, the present study is the first association study in Caucasians on the effects of these two SNPs on BMD variation. The ethnic differences in BMD have been well characterized before. For example, Caucasians and Asians had lower BMD than those of African-American and Hispanic descent [15] . The environmental and lifestyle factors as well as the genetic background should contribute to the difference of the osteoporosis risks among ethnic groups. Generally, Caucasians and Asians share the majority of osteoporosis genetics. However, genetic variants important for BMD in one population may not necessarily be important in another population [16] .
In this study, the association of rs7776725 with wrist BMD was well reproduced in two Caucasian populations. Notably, the association signal of this SNP for wrist BMD in the KCpopulation (p06.83×10 −16 ) and the combined p value across two populations (p01.42×10 −16 ) have reached genome-wide level of significance, which is consistent with those reported in Korean population (p01.0×10 −11 ) [6] . This study also suggested an association of rs1721400 with wrist BMD in Caucasians since the combined p value in meta-analysis of the two studied populations was statistically significant (p0 0.017). The direction of the allelic effects of these two SNPs was the same as those detected in the initial GWAS [6] . Although further studies with larger samples of other populations are needed, variant rs7776725 is more likely to have general effects on BMD in multiple ethnic groups. Only suggestive association of rs1721400 with BMD was detected −0.017
Boldface SNPs (rs4727922, rs1803389, rs718766, rs7776725 and rs7793554) are those identified to be associated with at least one BMD trait BETA regression coefficient in this study; more replication studies and meta-analyses in large samples are thus required before any firm conclusions about the effect of this SNP on BMD can be drawn. One limitation of this study is that the two studied cohorts lack the information of BMD at the tibia and calcaneus which were studied by Chao et al. [6] . That prevents direct replication at these two sites. In addition, to avoid high rate of false negatives, we did not apply multiple testing correction for the multiple correlated BMD phenotypes studied; therefore, the false discovery rate was controlled at the level of 0.05 only for each phenotype instead of all phenotypes together.
It is important to examine the relevance of the significant genetic variations to different clinically important skeletal sites. In this study, rs7776725 was associated with BMD at the hip, spine and whole body. The extremely low p value and consistent associations observed with multiple clinically important sites highlight the potential importance of rs7776725 for risk of osteoporosis.
The variant rs7776725 was located in the first intron of the FAM3C gene. FAM3C is expressed in almost all tissues [17] . It encodes a cytokine necessary for epithelial to mesenchymal transition, tumor formation and metastasis in epithelial cells [18] . FAM3C is also involved in retinal laminar formation [19] . To further explore the relationship between FAM3C gene and human BMD, we extended the association analysis to other 12 SNPs within/around the FAM3C gene locus in KCpopulation. After multiple-testing adjustment, rs4727922 and rs1803389 were associated with wrist BMD, and rs718766 and rs7793554 were associated with BMD at multiple sites. Notably, the magnitude of the association signal of rs718766 and rs7793554 was in well accordance with the LD levels of these two SNPs with rs7776725. Specifically, the rs718766 which is in perfect LD with rs7776725 (r 2 ≈1) achieved almost the same level of association as those of rs7776725. The rs7793554 and rs7776725 were in moderate LD (r 2 ≈0.5) with each other, and the association of rs7793554 with BMD was compromised.
We used the FASTSNP program (http://fastsnp.ibms.sinica. edu.tw) to analyze the potential functions of these SNPs. No known functional relevance of rs4727922, rs1803389, rs718766 and rs7776725 with bone metabolism was available. The SNP rs7793554 located in the intron of FAM3C was suggested to be an intronic enhancer. An A to G change at this locus will delete a binding site of the transcription factor CRE-BP. It is possible that these SNPs are only tags of one or more causal genetic variant(s) that contribute to the BMD variation. Haplotype analysis of FAM3C locus did not reveal stronger signals compared to single-SNP analysis. It seems more likely that rs718766, rs7776725 and rs7793554 may tag the same causal variant, while rs4727922 and 1803389 may tag another one. Fine mapping of FAM3C gene or even more extended genomic region will be helpful to identify the true functional variant(s) underlying BMD.
Conclusions
In summary, with two unrelated US Caucasian populations, this study replicated the association of rs7776725. In addition, we identified that rs7776725 was associated with BMD at hip, spine and whole body in Caucasians. In FAM3C gene locus (where rs7776725 is located), we identified several other SNPs associated with BMD variation. Our group will perform in-depth re-sequencing study of this region to pinpoint the true functional variant(s).
